Background and methods: While extensive research has been carried out on the enzymes responsible for ester synthesis and hydrolysis by wine strains of Saccharomyces cerevisiae, grape esterase activity is limited. In this study, the autochthonous grape variety, Bianchetta trevigiana, widespread in the Prosecco wine production area of Treviso, Conegliano, and Asolo, Italy, was characterized according to its esterase activity. Because grape skin is very rich in compounds which impart qualitative characteristics to wine, the study of esterase was carried out on this part of the fruit. Results: During enzyme extraction from grape skin, the presence of the reducing agent, b-mercaptoethanol, allowed a better protein yield but reduced esterase activity. Further addition of increasing doses of reducing agents to grape skin protein extract, such as of K 2 S 2 O 5 (used in winemaking) and DTT, reduced or inhibited esterase activity. Even though the zymographic profiles of the extracts obtained with and without b-mercaptoethanol were qualitatively equal, the intensity of enzymatic bands, measured by densitometry, was different.
Introduction
Because wine is often considered an expression of a territory, autochthonous grape varieties contribute a unique and original element to the distinctive character and identity of local culture. Many grape varieties, considered a resource in viticulture and a renewed opportunity for Italian winemaking, have been recovered. Bianchetta trevigiana, a grape variety known since the sixteenth century, is widespread in wine production in the area of Prosecco (Treviso, Conegliano, and Asolo, Italy). 1 It is an ancient white variety that was traditionally used for wine made by both grape skin maceration and fermenting without the presence of grape skin. Winemaking practices affect the characteristics of the final product by transforming, improving, or inhibiting the expression of the varietal characteristics of the grape.
In general, wine is a complex mixture of hundreds of compounds, many of which contribute to the colour, mouthfeel, and aromatic properties of this beverage. The distinctive flavor and aroma of wine is determined by many variables, including grape variety, viticulture and winemaking practices, and wine maturation and storage conditions. The aroma of wine has received much research attention over recent decades, with numerous components being identified as playing a role in specific tasting notes. 2 Among them, esters are the largest group of the hundreds of aroma compounds formed during alcoholic fermentation. 3 Their sensory threshold is very low, and thus they have a strong influence on the aroma of alcoholic beverages, giving characteristic flavors not only to wine 4 but also, for example, to beer 5 and sake. 6 Therefore, the study of enzymatic activity which affects the ester content and spectrum is of primary importance in elucidating the mechanisms leading to formation of the aroma profile of a fermented beverage such as wine. The enzymatic accumulation of esters in wine during fermentation is known to be the result of the balance of enzymatic synthesis and hydrolysis reactions, involving esterases (EC 3.1.1.1). 7, 8 Esterolytic activity during wine production has the potential to increase or decrease the amount of esters present in wine and therefore its perceived quality. Esterases are expressed in yeast strains used for alcoholic beverage production, and their involvement in affecting the aroma of such beverages has been the subject of several studies. By regulating the equilibrium between esters and free acids, esterases are likely have some role in the synthesis of esters, but seem to be primarily involved in their breakdown. 4, 5, 9, 10 The source of esterase activity in wine is primarily microorganisms, but esterase activity also comes from the addition of pectolytic enzymes with residual activity such as b-glucosidase and esterase, as well as the grape itself. 3, 8 A range of microorganisms come into contact with wine during its production, and thus their metabolic activities and synthetic and degradative enzymes may influence the aroma of wine. A large amount of esters are formed during primary fermentation by yeast and in particular by Saccharomyces cerevisiae; after this, lactic acid bacteria, which exhibit substantial ester synthesis and hydrolysis activity, can contribute by increasing or decreasing ester concentrations. [11] [12] [13] [14] Although extensive research has been carried out on the enzymes responsible for ester synthesis and hydrolysis by wine strains of S. cerevisiae, [15] [16] [17] the esterase activity of the grape itself is limited. 18 Even though in many cases their physiological role is unknown, esterases (EC 3.1.1.1), which are ubiquitous enzymes in living eukaryotic cells, are often used to characterize organisms by their isoenzymatic profile. Esterases have been studied in several fermentative processes and in food technology. To expand our knowledge about the esterase activity of grape skin from the autochthonous variety B. trevigiana, we quantified and visualized its esterase activity using electrophoretic techniques. Moreover, we studied the enzyme under reducing conditions, which are very common in winemaking practices.
Materials and methods
Samples of the white grape, B. trevigiana, were obtained at commercial maturity from a local winery. Grapes were mold-free and washed several times before storage at -80°C. Extraction of enzymes from the grape skin was carried out using the method reported by Zocca et al 19 and Barnavon et al, 20 with some modifications. Grape skins (40 g) were frozen with liquid nitrogen in a mortar and crushed. Next, 50 g of grape skin powder was resuspended in 100 mL of 0.5 M Tris-HCl pH 8.5 buffer with 1% (w/v) Triton X-100 (BDH Chemicals, Kingston upon Hull, UK), 20% (w/v) glycerol (v/v), 5% polyvinyl polypyrrolidone (Sigma-Aldrich, St Louis, MO), and 2 M NaCl. A second sample of 50 g of grape skin was treated in the same manner but with the addition of 14 µL of b-mercaptoethanol. The two samples were called no B and B, respectively. Both samples were shaken for 6 hours in an ice bath.
The homogenate was centrifuged for 30 minutes at 4°C and 10,000 rpm, and the supernatant was retained. After filtration (Whatman Number 1, Maidstone, UK and Millipore 0.22 µm, Milford, MA), the solution was dialyzed in distilled water overnight at 4°C (Spectrum membrane, 8 kDa, Rancho Dominguez, CA). The dialyzed samples were freeze-dried at -40°C (Edwards Mini Fast 1700 (Edwards Alto Vuoto, Milan, Italy)) and stored at -20°C. Protein quantification for the B and no B samples was carried out according to the Bradford 21 method (Pierce, Rockford, IL), with bovine serum albumin (Bio-Rad Laboratories, Milan, Italy) as a standard.
Esterase activity
Esterase activity was determined using the method described by Bardi DTT from a solution of 0.1 M were added (0-300 mg/L and 0-210 mg/L, respectively) to the test tubes prepared as described above. In this case, esterase activity was studied in presence of 2NA.
Enzyme activity was determined after keeping the test tubes in a water bath at 37°C for 30 minutes; when esterase activity was tested in the presence of 2NA, the reaction was stopped by adding 200 µL of Fast Blue BB salt 1 mg/mL (Sigma-Aldrich, St Louis, MO) in water. After 10 minutes, the samples were read at 500 nm. For esterase activity studied with PNPA, quantification was done at 400 nm. In the presence of FDA, esterase activity was measured with a FP-920 spectrofluorometer [Jasco Inc, Easton, MD] with excitation at 490 nm and emission at 514 nm. One unit of esterase activity was defined as the release of 1 µg of p-nitrophenol, 2-naphthol, and fluorescein by 1 µg of esterasecontaining protein extract at 37°C under assay conditions. The results are always the mean of six replications.
Electrophoresis
All electrophoretic procedures were carried out at room temperature in a Mini-Protean 2 apparatus (Bio-Rad Laboratories). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to Laemmli, 24 with a total polyacrylamide concentration of 12% (w/v). Ten milligrams of freeze-dried powder were solubilized with 700 µL of Milli-Q (Millipore, Bedford, MA) H 2 O and 300 µL of 1.33 M Tris (pH 7.4), glycerol 40% v/v, 8% SDS w/v buffer, and 1% (w/v) 2-mercaptoethanol. SDS-PAGE was carried out at 80 V until the tracking dye, bromophenol blue, ran off the gel. Gels were stained with Coomassie Brilliant Blue R-25013 to visualize total proteins. When enzymatic activity was visualized, 25 20 mg of FDA or 2NA and Fast Blue BB was added, and the gel was incubated at 37°C for 45 minutes in 100 mL Tris-buffered saline pH 7.2.
Deriphat-PAGE (D-PAGE) in 8.5% (w/v) total polyacrylamide gels was performed in the presence of 0.1% (w/v) disodium-n-lauryl-b-iminodipropionate (Deriphat) in the cathodic buffer (12.5 mM Tris, 96 mM glycine). 25 Ten milligrams of freeze-dried powder was solubilized with the cathodic buffer to which was added 10% w/v glycerol, and D-PAGE was carried out at 80 V until the tracking dye, bromophenol blue, ran off the gel. Esterase activity was detected by incubating the gel in 100 mL of Tris-buffered saline containing 20 mM 2NA and 2NB at 37°C for 45 minutes and 20 mg of Fast Blue BB was added. To obtain the fluorescent zymogram, 20 mg of FDA was dissolved in 2 mL of acetone and added to 100 mL of Tris-buffered saline. After 10 minutes of incubation at 37°C, the zymogram was visualized under ultraviolet light. The negative control was an electrophoresis gel treated as above and heated at 100°C for 5 minutes in Tris-buffered saline containing 50% (v/v).
Gel images were acquired with a digital camera, analyzed with the Gel Doc 1000 system (Bio-Rad Laboratories) and studied densitometrically using Molecular Analyst software (Bio-Rad Laboratories). All data are reported as the mean ± standard deviation of three replicates.
statistical analysis
The mean, standard deviation, and the coefficient of variation were calculated. Furthermore, the data were analyzed by Excel and CoStat (version 6.312, CoHort Software, Berkeley, CA). The analysis was performed using an independent samples t-test and Tukey test procedure. P values ,0.05 were regarded as statistically significant.
Results and discussion
Esterase activity is very important in enology because it is involved in the synthesis and hydrolysis of esters, which play an important role in defining the organoleptic properties of wine. 27 Additionally, esterase releases grape skin phenols, such as gallic acid, which are initially present in the gallate flavonoid form and are then hydrolyzed by the enzyme and released into the wine in high quantities, especially when the wine is obtained by grape skin maceration. 28 Taking into account the technological importance of esterase, this activity was studied in the B. trevigiana extract obtained in both reducing (B) and non-reducing (no B) conditions. In this way, it was possible to compare the enzyme behavior in both situations.
To extract and purify partially a protein sample from grape skin for electrophoretic analysis, it was necessary to overcome some challenges due to the complex composition of the plant matrix, the high content of polyphenols, and the low concentration of proteins. Samples were extracted with and without b-mercaptoethanol (B and no B, respectively). The presence of the reducing agent was necessary to obtain a higher yield from the protein extraction and to determine if it could affect the esterase activity of grape skin. The results show that it is possible to maintain the enzyme activity and to have a good protein extraction yield (29.5 µg/mg and 18.7 µg/mg lyophilized powder for B and no B samples, respectively). Lyophilization allowed storage of samples for a long period of time with retention of catalytic activity. Water molecules sometimes constitute submit your manuscript | www.dovepress.com part of the catalytic sites of enzymes, and their elimination with lyophilization can inactivate the enzymes, but this did not prove to be the case for these enzymes. NaCl, glycerol, Triton, and Tris-HCl can all act to protect and stabilize catalytic sites. 29 Esterase activities of the two samples were tested in the presence of four substrates, ie, 2NA, 2NB, FDA, and PNPA. Table 1 shows that the enzyme is present in the two extract preparations of B. trevigiana grape skin, in agreement with previous results. 19, 30 These authors also confirm the localization of esterases to the grape skin and demonstrate that these esterases have a higher affinity for synthetic esters of acetic acid than the butyric one. As shown in Table 1 , the highest activity is present in the no B sample. The ratio between the activity of the no B sample and the B sample for all four tested esters is, on average, 2.04, with a coefficient of variation of 6%. The low esterase activity of the B sample could be due to the presence of the reducing agent during extraction that partially inhibits the enzyme. The reducing agent, b-mercaptoethanol, should be completely kept away during the dialysis and freeze-drying of the sample. It is possible that the elimination of b-mercaptoethanol might result in the re-establishment of the native form of the enzyme; however, our results seem to demonstrate that reducing conditions result in an irreversible change that lowers the esterase activity.
Dovepress

47
In order to study the effect of reducing agents on esterase activity, increasing doses of K 2 S 2 O 5 and DTT (used in enology and in laboratory tests, respectively), were added to the two samples. We considered the possibility that addition of reducing agents could alter the analytical conditions used for the enzymatic assay with each of the four substrates. Other authors 31 have demonstrated that addition of either DTT or b-mercaptoethanol to the reaction mixture causes decomposition of the chromogenic p-nitrophenyl ester, leading to nonspecific color formation. In this research, with increasing doses of reducing agents, PNPA and FDA became increasingly yellow and fluorescent, respectively (data not shown). On the contrary, the naphthyl esters, 2NA and 2NB, were stable. For this reason, the esterase activity of the two extracts was studied using 2NA in the presence of the two reducing agents. Increasing doses of K 2 S 2 O 5 (0-300 mg/L) and DTT (0-210 mg/L) inhibited the esterase activity of grape skin (Figure 1 ). When K 2 S 2 O 5 was used, esterase activity of the B extract decreased until the reducing agent concentration reached 150 mg/L, and then the trend reached a plateau. By increasing the concentration of K 2 S 2 O 5 up to 150 mg/L, esterase activity decreased to 20% of initial activity and stabilized. The inhibition of esterase activity for the no B extract was faster at the beginning of the curve and reached 20% of initial activity at a concentration of 75 mg/L of K 2 S 2 O 5 . Esterase activity was completely inhibited with increasing doses of reducing agent. DTT inhibited the esterase activity of the two grape skin extracts, but to a lesser extent ( Figure 1) . As with the previous case, the decrease of enzymatic activity of the B extract was more gradual, and esterase activity only dropped to 60% of initial activity upon addition of the maximum amount of DTT (210 mg/L). The activity of the no B extract was inhibited to 40% of initial activity with addition of 30 mg/L of DTT; this activity level then remained constant. Previous studies 32 have shown that, at a concentration of 4 mmol/L, the reducing agent DTT had a low inhibitory effect (about 75% of residual activity); this agrees with our results showing residual activity at the same DTT concentration of about 90% and 65% for the B and no B samples, respectively. On the other hand, 33 different studies have shown enhancement of esterase activity in the presence of DTT and b-mercaptoethanol when using p-nitrophenyl esters as the substrate. In the present study, the reducing agent, added both during grape skin extraction and study of enzyme activity, had an inhibitory effect on activity. This could be due to an irreversible interaction between the enzyme and the reducing agent during grape skin extraction, accompanied by residual enzymatic activity that remains stable even when other reducing agents are added. This observation could have implications in enology, where the addition of reducing compounds to wines is a very common practice. Addition of reducing compounds could have effects on esterase activity, with consequences for the organoleptic characteristics of the wine being produced.
To verify extraction with and without b-mercaptoethanol extract proteins (specifically, esterases) from the grape skin in a qualitatively different way, native gel electrophoresis was carried out. Because the samples had very low solubility in aqueous buffer, it was necessary to add Deriphat detergent both to the electrophoretic buffer and to the grape skin extracts. 26 The zymogram reveals a unique esterase band for the three substrates ( Figure 2) , with equal amounts of protein loaded. As visualized by the intensity of dye and by the fluorescence of the enzymatic bands, the esterase activity is stronger in the no B extracts, as previously verified with the spectrophotometric assay. Additionally, the enzymatic band resulting from the use of 2NA as a substrate is more intense than the band revealed with 2NB as substrate, in agreement with the results presented in Table 1 . The enzymatic method using FDA as a substrate is the most sensitive. 25 The comparison between the two samples (B and no B) by electrophoretic analysis of protein extracts visualized by Coomassie confirms the same patterns of bands.
Samples were also electrophoresed under denaturing conditions using SDS. Figure 3 shows the zymograms of esterase activity visualized with 2NA (lanes 1 and 2) and FDA (lanes 3 and 4) as substrates. As shown in the zymogram obtained under native conditions (Figure 2 ), enzymatic bands of Figure 3 differ only in intensity of color and fluorescence. Whereas the zymogram in D-PAGE revealed only a single band (Figure 2 ), SDS-PAGE showed two enzymatic bands. This could be due to comigration of the enzymes under native conditions that migrate separately in SDS-PAGE or due to the loss of an isoform during the separation in D-PAGE. SDS-PAGE (Figure 3) shows the same protein pattern both for the B and no B extracts. The zymogram of Figure 3 was studied by densitometric analysis to visualize differences of intensity in the two esterase bands. As shown in Figure 4 , the densitograms of esterase activity in the two samples are different. The peaks generated by the B extract samples have the same height, while those of the no B samples have different heights. The reducing agent could affect the esterase activity of one of the two isoforms. The b-mercaptoethanol, by reducing amino acids such as cysteine that are present in the esterase isoforms, could perhaps partially affect the enzymatic activity. In addition, partial inhibition of only one isoform may be considered a result of the different amino acid composition of the two esterases.
Conclusion
Esterase, a ubiquitous class of enzymes in living organisms, is present in the cells of B. trevigiana grape skin. Different esterase isoforms can be visualized not only in native conditions but also in denaturing conditions. This latter condition allowed visualization of two isoforms with differing functional intensity in reducing (B) and nonreducing (no B) treatment during enzyme extraction from grape skin. Increasing doses of reducing agents such as K 2 S 2 O 5 , usually added during winemaking, affect esterases by lowering their activity. Because this enzyme is involved in the hydrolysis and synthesis of esters, addition of reducing agents could affect the aromatic profile of wine.
